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Imp4p is a component of U3 snoRNP (small nucleolar ribo-
nucleoprotein) involved in the maturation of 18S rRNA. We
have shown that Imp4p interacts with Cdc13p, a single-stranded
telomere-binding protein involved in telomere maintenance. To
understand the role of Imp4p in telomeres, we purified re-
combinant Imp4p protein and tested its binding activity towards
telomeric DNA using electrophoretic mobility-shift assays. Our
results showed that Imp4p bound specifically to single-stranded
telomeric DNA in vitro. The interaction of Imp4p to telomeres
in vivo was also demonstrated by chromatin immunoprecipitation

experiments. Significantly, the binding of Imp4p to telomeres
was not limited to yeast proteins, since the hImp4 (human Imp4)
also bound to vertebrate single-stranded telomeric DNA. Thus we
conclude that Imp4p is a novel telomeric DNA-binding protein
that, in addition to its role in rRNA processing, might participate
in telomere function.

Key words: DNA binding, Imp4, rRNA, small nucleolar ribo-
nucleoprotein (snoRNP), telomere, yeast.

INTRODUCTION

Telomeres are the specialized structures found at the ends of
eukaryotic chromosomes. They are essential for maintaining
chromosome integrity by protecting chromosomes from end-
to-end fusion and nuclease degradation [1]. In most cloned
telomeric DNA sequences, telomeres are composed of guanine
(G)-rich DNA repeats [2]. For example, the repeated sequences in
Saccharomyces cerevisiae are TG1−3 and TTAGGG in vertebrates.
In addition to the duplex repeats, single-stranded telomeric
G-rich DNA tail is also detected in telomeres. The presence of
single-stranded G-tails could serve as a substrate for telomerase
extension [3], a damage signal to trigger cell-cycle arrest
[4,5], and was postulated to be an intermediate for telomere
replication [6]. Protein factors that interact with telomeres have
been identified. In S. cerevisiae, Rap1p binds to the double-
stranded telomeric DNA and Cdc13p binds specifically to the
single-stranded portion of the telomeres [7–10]. These two pro-
teins serve as a core for other proteins to form a multiple protein–
DNA complex in telomeres [11–15]. Together they participate
in multiple functions on telomeres, such as end protection and
replication.

In addition to Cdc13p, several proteins with single-stranded
telomeric DNA-binding activities have been identified in yeast
[16–19]. Est1p is a telomerase-associated protein that mediates
the binding of telomerase to telomeres [13]. Although it is unclear
whether the single-stranded binding activity of Est1p is required
for its binding to telomeres, it is generally accepted that binding
of Est1p to telomeres is through its interaction with Cdc13p
[13,14]. Gbp2p also binds to single-stranded telomeric DNA
in vitro [17,18]. The telomere-binding activity of Gbp2p is
required for its complementation of the temperature-sensitive and
telomere length defects of cdc13-1, indicating that it might have

a role in telomere function [5]. Interestingly, a single-stranded
DNA-binding protein RPA (replication protein A) has also been
shown to interact with telomeres at the S-phase of the cell cycle
and mediate the binding of Est1p to telomeres [19]. Thus these
proteins might affect telomere function through their single-
stranded telomeric DNA-binding activities.

Previously, we conducted a two-hybrid screen using the N-
terminal 1–252 amino acids of Cdc13p as the bait and identified
three Cdc13p-interacting proteins: Zds2p, Sir4p and Imp4p [15].
Zds2p and Sir4p have been shown to affect telomere functions
[20,21]; however, the role of Imp4p on telomeres has not been
reported. Imp4p is an essential gene. It is a component of U3
snoRNP (small nucleolar ribonucleoprotein), also called SSU
processome, that is involved in the maturation of 18S rRNA
[22,23]. In both humans and yeast, Imp4p forms a complex with
Mpp10p and Imp3p [24,25]. The protein complex then interacts
with both U3 snoRNA and 35S rRNA to initiate the maturation
of rRNAs [26–28]. Imp4p belongs to a protein superfamily that
contains a conserved Brix (biogenesis of ribosomes in Xenopus)
domain [29]. In yeast, Imp4p superfamily is composed of Imp4p,
Rpf1p, Rpf2p, Brx1p and Ssf1/2p. The Brix domains within
these proteins are believed to be required for their binding to
RNA substrates [28,30]. For example, the Brix domain of Imp4p
has been shown to bind U3 snoRNA [28]. Sequence analysis
of Imp4p also revealed a σ 70-like motif located at amino acids
245–262, within the predicted Brix domain [31]. The 17-amino-
acid σ 70-like motif of Rpf1p or Rpf2p is sufficient for it to bind
to homoribopolymers, suggesting that this motif is indeed an
eukaryotic RNA-binding motif [31].

In the present study, we show that Imp4p bound specifically
to single-stranded telomeric DNA and associated with telomeres
in vivo. Significantly, the binding of Imp4p to single-stranded
telomeric DNA was not limited to yeast protein, as hImp4 (human
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Imp4) also bound to single-stranded telomeric (TTAGGG)n

DNA. Thus our results indicate that Imp4p is a novel telo-
meric DNA-binding protein that may have a role in telomeres.

MATERIALS AND METHODS

Purification of His6-tagged Imp4p, GST (glutathione
transferase)–Imp4p-(88–275) (GST–Brix) and hImp4

To purify His6-tagged Imp4p or hImp4, a 2 litre culture of Escheri-
chia coli BL21 (DE3) pLysS cells harbouring the expression
plasmids was grown at 37 ◦C to an attenuance (D600) of 0.6 and
was induced with 1 mM IPTG (isopropyl β-D-thiogalactoside).
The cells were grown at 25 ◦C for another 4 h before harvesting
by centrifugation at 2560 g for 10 min. The cells were resuspended
in 20 ml of sonication buffer [50 mM sodium phosphate,
pH 7.8, 300 mM NaCl, 1 mM PMSF and 1× protease inhibitors
(Calbiochem)], and sonicated to release the cell contents. The
sonicated cells were centrifuged at 20000 g for 15 min at 4 ◦C
to obtain total cell free extract. A 0.5 ml volume of Ni-NTA
(Ni2+-nitrilotriacetate)–agarose (GE Healthcare) was added to
the total cell-free extract before incubation at 4 ◦C for 1 h. The
resin was washed and eluted with 2.5 ml of buffer containing
50 mM sodium phosphate buffer, pH 8.0, 250 mM imidazole and
20% (v/v) glycerol. The eluted protein was dialysed against the
dialysis buffer (50 mM sodium phosphate buffer, pH 8.0, and
50% glycerol) at 4 ◦C for 16 h. Protein was divided into 5 µl
aliquots and frozen using a solid-CO2/ethanol bath.

To purify GST-tagged Imp4p-(88–275) (GST–Brix), a 1 litre
culture of E. coli BL21 (DE3) cells harbouring pHTPP2-brix
were grown and induced with IPTG. Cells was resuspended
in 10 ml of sonication buffer and sonicated to release the cell
contents. The sonicated cells were centrifuged at 20000 g for
15 min at 4 ◦C to obtain total cell-free extract. Then, 0.75 ml of
glutathione–Sepharose 4B (GE Healthcare) was added to the total
cell-free extract before incubation at 4 ◦C for 1 h. The resin was
washed and then eluted with 0.5 ml of buffer containing 50 mM
sodium phosphate buffer, pH 7.8, 200 mM glutathione and 10%
(v/v) glycerol. The eluted protein was dialysed, divided into 5 µl
aliquots and frozen as described above. Polyclonal antibodies
against His6-tagged Imp4p were raised in rabbits using the purified
protein. Purification of hPot1 (human protection of telomeres1)
was performed, following the procedure of Baumann and Cech
[32], who provided the hPot1 expression plasmid.

EMSA (electrophoretic mobility-shift assay)

Oligonucleotide TG15, TG20, TG25, TG30, TG35, TG40 (see
Table 1) or (T2AG3)6 was first 5′-end-labelled with [γ -32P]ATP
(3000 mCi/mM) (NEN) using T4 polynucleotide kinase (New
England Biolabs) and subsequently purified from a 10 %
sequencing gel after electrophoresis. To perform the assays,
purified Imp4p, GST–Brix, GST or hImp4 was mixed with
5 nM 32P-labelled oligonucleotides in a total volume of 15 µl
in buffer containing 50 mM Tris/HCl, pH 7.5, 1 mM EDTA,
50 mM NaCl, 1 mM dithiothreitol and 1 µg of heat-denatured
poly(dI-dC) · (dI-dC). The reaction mixtures were incubated at
room temperature (23 ◦C) for 10 min and separated on a 6%
non-denaturing polyacrylamide gel. Electrophoresis was carried
out in TBE (89 mM Tris/borate and 2 mM EDTA) at 125 V for
105 min. The gels were dried and autoradiographed, and the
oligonucleotides bound to the proteins were quantified using a
PhosphorImager (Molecular Dynamics). The apparent binding
constant of Imp4p to telomeric DNA was determined using
EMSA and quantified using a PhosphorImager. Values presented

Table 1 Sequences and Imp4p-binding affinity of yeast telomeric DNA
substrates

Oligonucleotide TG15, TG20, TG25, TG30, TG35 or TG40 was 5′-end-labelled with [γ -32P]ATP
and subsequently purified from a 10 % sequencing gel after electrophoresis. To perform
the assays, purified Imp4p was mixed with 5 nM 32P-labelled oligonucleotides in a total
volume of 15 µl in buffer containing 50 mM Tris/HCl, pH 7.5, 1 mM EDTA, 50 mM NaCl,
1 mM dithiothreitol and 1 µg of heat-denatured poly(dI-dC) · (dI-dC). The reaction mixtures
were incubated at room temperature for 10 min and separated on a 6 % non-denaturing
polyacrylamide gel. The apparent binding constant of Imp4p to telomeric DNA was determined
from an average of three experiments using EMSA and quantified using a PhosphorImager.

Name Sequence K d (app) (µM)

TG15 5′-TGTGTGGGTGTGGTG-3′ 8.7 +− 1.5
TG20 5′-TGGTGTGTGTGGGTGTGGTG-3′ 3.5 +− 1.6
TG25 5′-GGGTGTGGTGTGTGTGGGTGTGGTG-3′ 1.3 +− 0.6
TG30 5′-TGTGTGGGTGTGGTGTGTGTGGGTGTGGTG-3′ 1.2 +− 0.1
TG35 5′-TGGTGTGTGTGGGTGTGGTGTGTGTGGGTGTGGTG-3′ 1.0 +− 0.2
TG40 5′-GGGTGTGGTGTGTGTGGGTGTGGTGTGTGTGGGTGTGGTG-3′ 0.6 +− 0.3

in Table 1 were determined from interpolation on a Hill plot.
Each value was the average for two or three experiments. For
competition analysis, 10 nM 32P-labelled TG30 was mixed with
various amounts of unlabelled competitors before addition of the
cell extracts.

ChIP (chromatin immunoprecipitation) analysis

Yeast strain YPH499 (MATa ura3-52 lys2-801amber ade2-101ochre

trp1-∆63 his3-∆200 leu2-∆1 [33]) with URA3 placed near
the telomere of chromosome VII-L (YPH499UT) was used
to immunoprecipitate telomeric DNA by Cdc13p polyclonal
antibodies. The isogenic strain with a Myc9 tag fused to the
C-terminus of Imp4p was used to immunoprecipitate telomeric
DNA by anti-Myc antibody (9E10; Santa Cruz Biotechnology).
Cells were grown, fixed with 1% (w/v) formaldehyde at room
temperature for 15 min, and growth was arrested using 0.125 M
glycine. The cells were then harvested, resuspended in TBS (Tris-
buffered saline: 20 mM Tris/HCl, pH 7.4, and 150 mM NaCl)
and broken apart by vortex-mixing with glass beads. Sonication
was then used to shear chromatin to ∼500 bp in length. The
chromatin-sheared cells were centrifuged at 15000 g for 15 min to
yield supernatants for immunoprecipitation by antibodies against
Cdc13p or Imp4p. The immunoprecipitates were then incubated
at 65 ◦C overnight to reverse cross-links followed by proteinase
K treatment. Three DNA sequences were analysed representing
the telomeric (TEL), 5 kb from the telomere (ADH, ADH4 gene)
and internal (ARO, ARO1 gene) DNA. The PCR primers were
designed by following the sequences reported by Taggart et al.
[34]. The sizes for the PCR products of ARO, ADH and TEL
are 372, 301 and 252 bp respectively. The PCR products were
separated on a 2% agarose gel and visualized by staining with
ethidium bromide.

RESULTS

Specific binding of Imp4p to single-stranded telomeric DNA

Imp4p is capable of binding to U3 snoRNA [28]. Because the
single-stranded character of RNA and single-stranded DNA is
similar, RNA-binding proteins tend to bind single-stranded DNA.
For example, several human hnRNPs (heterogeneous nuclear
ribonucleoproteins) were shown to bind both RNA and single-
stranded telomeric DNA [35,36]. We then tested whether Imp4p
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Figure 1 Imp4p binds to single-stranded telomeric DNA

(A) Purification of Imp4p. Imp4p with a His6 tag was purified from E. coli using Ni-NTA–agarose
(see the Materials and methods section). A Coomassie Blue-stained SDS/10 % polyacrylamide
gel is shown. Lane 1, molecular-mass markers (M; sizes indicated in kDa). Lane 2, 1 µg of
purified Imp4p. (B) Specific binding of Imp4p to single-stranded TG1−3 DNA. 32P-labelled
TG30 (5 nM) was mixed with 0, 0.43, 1.3 and 3.9 µM of purified Imp4p respectively, before
the gel-shift assay (lanes 1–4). In lanes 5–8, 10 nM 32P-labelled TG30 was first mixed without
(lane 6) or with 1 µM unlabelled competitors, TG30 (ss; lane 7) or 270 bp double-stranded
telomeric DNA (ds; lane 8). Imp4p (1 µM) was then added to the DNA mixtures.

could also bind to single-stranded telomeric DNA. An E. coli
expression system was used to prepare the recombinant Imp4p.
In the present study, Imp4p with a His6 tag at the N-terminus
was expressed, and the protein was purified to homogeneity using
an Ni-NTA–agarose resin (Figure 1A). The purified protein has an
apparent molecular mass of 42 kDa, which is higher than the
predicted value of 34 kDa. MALDI–TOF (matrix-assisted laser-
desorption ionization–time-of-flight) analysis of the purified
protein indicated that it was indeed Imp4p (results not shown).
Thus Imp4p appears to migrate aberrantly on SDS/PAGE gels.

The binding of Imp4p to telomeric DNA was determined using
EMSA analysis. Purified protein was mixed with 32P-labelled
single-stranded TG1−3 with various amounts of unlabelled nucleic
acid competitors before subjection to the EMSA. As shown in
Figure 1(B), a gel-shifted band was apparent in the mixture con-
taining Imp4p and TG30 (a 30-mer TG1−3 repetitive DNA,
Table 1). The binding appeared to be specific to single-stranded
DNA, as it was competed away by single-stranded TG30, but not
by double-stranded telomeric DNA (Figure 1B, lanes 7 and 8).
Thus these results provided the first indication that Imp4p was
capable of binding to single-stranded telomeric DNA.

Although the binding of Imp4p to telomeric DNA was not
affected by the presence of single-stranded poly(dI-dC) · (dI-dC)
(results not shown), 1 µg of single-stranded poly(dI-dC) · (dI-
dC) was included to suppress potential non-specific single-
stranded DNA binding in the EMSA. Thus the protein–DNA
complexes observed in our binding assay should be very
specific. To determine further the selectivity of the Imp4p-binding
activity, a competition assay was employed in this analysis.
Imp4p was mixed with 32P-labelled single-stranded TG1−3 and
various amounts of unlabelled competitor nucleic acids, and was
assayed using the EMSA. The competitors were ∼30-mer single-
stranded G-strand DNA from Saccharomyces (TG30), vertebrate
(T2AG3)5, Oxytricha (T4G4)4, and Tetrahymena (T2G4)5 telomeric
DNAs. The autoradiograph of the reaction products after gel
electrophoresis (Figure 2A) was quantified (Figure 2B) using the
binding activity to TG30 in the absence of a specific competitor as
100% (Figure 2A, lane 2). As shown in Figure 2(A), unlabelled
TG30 competed efficiently with 32P-labelled TG30 (lanes 3–5).

Figure 2 Imp4p prefers yeast telomeric DNA for binding

Competition analyses with various telomeric DNAs were used to determine the binding specificity.
(A) 32P-labelled TG30 (10 nM) was first mixed with 1, 10 or 100 nM unlabelled yeast TG30
or 10, 100 or 1000 nM of unlabelled vertebrate (T2AG3)5, Oxytricha (T4G4)4 and Tetrahymena
(T2G4)5 competitors. The DNA mixtures were then incubated with 0.75 µM purified Imp4p and
analysed by gel-shift assay. (B) Quantification of the Imp4p-binding activity. The amount of
32P-labelled TG30 bound to the protein was quantified using a PhosphorImager, and binding
without any competitor was taken as 100 % (A, lane 2).

Telomeric DNA from Oxytricha (T4G4), Tetrahymena (T2G4) and
vertebrate (T2AG3) also competed for Imp4p binding (Figure 2A,
lanes 6–14), although a 10–100-fold molar excess of these
competitors was needed to obtain the same level of competition
as that from TG30 (Figure 2B). These results indicate that Imp4p
prefers to bind to single-stranded TG1−3 DNA.

In the organisms that have been analysed, telomeres are double-
stranded duplex telomeric DNA with a single-stranded telomeric
tail. In yeast, a single-stranded tail with 12–14 nucleotides was
detected in most stages of the cell cycle [37]. The length of single-
stranded tail is transiently increased to >30 nucleotides at late
S-phase of the cell cycle [38]. To determine the binding preference
of Imp4p to different lengths of telomeres, the single-stranded
TG1−3 substrates with various lengths were tested for their binding
by Imp4p. It is apparent from the results of Figure 3(A) that Imp4p
preferred long DNA substrates for binding. The binding affinity
[Kd (app)] of Imp4p to these various lengths of telomeric DNA
substrates also supports this observation (Table 1). Interestingly,
while the binding of Imp4p to TG15 did not appear to be co-
operative (Hill coefficient = ∼1.1), the binding of Imp4p to long
telomeric DNA, TG40, was co-operative, with a Hill coefficient
of ∼2.1 (Figure 3B).

Binding of Oxytricha α and β proteins to TTTTGGGG DNA
is salt-stable [39]. Oxytricha α and β proteins remain bound to
single-stranded TTTTGGGG when the NaCl concentration was as
high as 2 M. To analyse the salt-stability of Imp4p, binding of the
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Figure 3 Imp4p prefers long single-stranded TG1−3 DNA for binding

(A) 32P-labelled TG15, TG20, TG25, TG30, TG35 or TG40 (5 nM of each) was mixed with 0,
0.15 or 1.5 µM purified Imp4p before subjection to gel-shift assay. (B) Quantitative data from
PhosphorImager analysis of gel mobility shifts were used to determine the equilibrium binding
constant. Concentrations of Imp4p from 0 to 120 µM were used in these analyses. The fraction
of DNA bound/free DNA is plotted against the Imp4p concentration. Representative plots for
TG15 (left-hand panel) and TG40 (right-hand panel) are shown.

purified protein to TG30 was conducted at various levels of NaCl
(Figure 4A). To avoid re-association of the proteins to TG30 after
loading the sample, an excess amount of unlabelled TG30 was
added to the reaction mixtures before loading. It is apparent
that Imp4p preferred low salt for binding. At 200 mM NaCl,
the binding activity of Imp4p fell to less than 50% relative to
50 mM NaCl (Figure 4A). To evaluate the stability of the protein–
DNA complex, the dissociation rate of the protein–DNA complex
was measured. Imp4p was first bound to 32P-labelled TG30 and
then an excess amount of unlabelled TG30 was added to prevent
re-association of protein to labelled DNA. The dissociation rate
was estimated as the time required for half of the protein–DNA
complex to dissociate. As shown in Figure 4(B), Imp4p had a half-
life of ∼90 min on DNA, suggesting that the binding of Imp4p to
single-stranded telomeric DNA is stable.

The Brix domain of Imp4p binds to single-stranded telomeric DNA

Sequence analysis of Imp4p identified a Brix domain and a σ 70-
like motif within the protein (Figure 5A). It has been shown that
the Brix domain of Imp4p is sufficient for binding to U3 snoRNA
[28]. To define the TG1−3-binding domains of Imp4p, the E. coli
expression system was used to purify the Brix domain of Imp4p.
In the present study, a GST-fusion protein was used to purify
the Brix domain of Imp4p (residues 88–275; Figure 5A). The
fusion protein with an apparent molecular mass of 45 kDa was
purified using a glutathione–Sepharose resin (Figure 5B, lane 1).
Western blotting indicated that the 45 kDa protein was recognized
by antibodies against GST (results not shown). As a control, GST

Figure 4 Binding properties of Imp4p

(A) Imp4p prefers low salt for binding. 32P-labelled TG30 (5 nM) was incubated with 1 µM
Imp4p and 0.05, 0.1, 0.2, 0.4 or 0.8 M NaCl at room temperature for 10 min. Unlabelled TG30
(1 µM) was added to the reaction mixtures and a gel-shift assay was then performed. The binding
was quantified using a PhosphorImager, and the activity with 0.05 M NaCl was taken as 100 %.
(B) Slow dissociation of Imp4p from single-stranded TG1−3 DNA. 32P-labelled TG30 (15 nM)
was incubated with 1 µM Imp4p at room temperature for 10 min. Unlabelled TG30 (1 µM) was
then added at zero time. Aliquots of the mixtures were withdrawn at the indicated time points
and were loaded on to a running gel. After electrophoresis, the amount of 32P-labelled TG30
remaining bound was quantified using a PhosphorImager and the binding at zero time was taken
as 100 %.

protein was also purified and had an apparent mass of 26 kDa
(Figure 5B, lane 2). The binding ability of the Imp4p Brix domain
to telomeric DNA TG40 was determined using EMSA. As shown
in Figure 5(C), a faint gel-shift band was detected with GST–
Brix fusion protein (Figure 5C, lanes 2–4). The apparent gel-shift
band, although weak, was due to the binding activity of the Brix
domain, because the GST protein did not yield any detectable gel-
shift band with a similar amount of protein added to the reaction
mixture (Figure 5C, lane 5). Thus our results indicate that the
Brix domain of Imp4p is capable of binding to single-stranded
telomeric DNA. It also appears that the other portion of Imp4p
might be required for its proper binding to telomeric DNA.

Association of Imp4p with telomeres in vivo

In the present study, we have shown that Imp4p bound to single-
stranded telomeric DNA in vitro. To determine whether the
binding reflects the association of Imp4p to telomeres in vivo,
the ChIP analysis was employed. To conduct the immunoprecip-
itation experiments, we constructed a yeast strain that expressed
the Imp4p with a Myc9 tag fused to the C-terminus of the
protein for this analysis. The Myc9-tagged Imp4p did not appear
to affect the growth of yeast cells or the telomere length,
suggesting that it did not affect the function of Imp4p (results
not shown). The yeast cells were treated with formaldehyde to
cross-link DNA with binding proteins. Chromatin was isolated,
sheared and immunoprecipitated with antibodies against Cdc13p
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Figure 5 The Brix domain is important for binding to single-stranded
telomeric DNA

(A) Schematic representation of the Imp4p domain. The Imp4p is 290 amino acids in length.
Sequence analysis reveals a Brix domain located at amino acids 88–275 and a σ 70-like motif is
located at amino acids 245–263. The relative locations of the Brix domain and σ 70-like motif are
indicated. (B) Purification of Imp4p Brix domain and GST. The GST–Brix domain fusion protein
and GST protein were purified from E. coli using a glutathione–Sepharose resin (see the
Materials and methods section). A 2 µg sample of each of purified Imp4p, GST–Brix and
GST was analysed by SDS/12 % PAGE and stained with Coomassie Blue. Molecular masses
are indicated in kDa. (C) The Brix domain of Imp4p binds to single-stranded TG1−3 DNA.
32P-labelled TG40 (5 nM) was mixed with various amounts of GST–Brix or GST and was then
analysed by EMSA.

or Myc. The precipitated DNA was then analysed using three
sets of primers [34]. Amplification of a telomere-proximal URA3
gene (TEL) is used as an indication for telomere binding. The
additional ADH4 gene (ADH) and ARO1 gene (ARO) represent
binding to subtelomeric and internal parts of chromosome res-
pectively (Figure 6A). Under our assay conditions, the Cdc13p
immunoprecipitates preferentially amplified TEL DNA, consis-
tent with the role of Cdc13p on telomeres (Figures 6B and 6C).
Using the anti-Myc antibody, we found that the TEL DNA was
preferentially amplified in its immunoprecipitates (Figures 6B
and 6C). As a control, pre-immune serum or cells not treated
with formaldehyde did not preferentially precipitate TEL DNA
(results not shown, and Figure 6B). Because the antibodies used
for precipitating Imp4p and Cdc13p were different, the binding
selectivity of Imp4p and Cdc13p towards TEL DNA cannot be
readily compared. Nevertheless, our results clearly indicate that
Imp4p associates with telomeres in vivo.

hImp4 binds to vertebrate single-stranded telomeric DNA

The sequences of different Imp4 proteins are conserved among
species. The yeast Imp4p shares 50% sequence identity with and
has 65% similarity to the hImp4 protein [22,25]. To evaluate
whether hImp4 also binds to single-stranded (TTAGGG)n DNA,
we cloned the cDNA of hImp4 and expressed the recombinant
protein in E. coli. The His6-tagged recombinant hImp4 was then
purified using Ni-NTA resin. Similar to that of yeast Imp4p, the
hImp4 has an apparent molecular mass of ∼42 kDa (Figure 7A).
The purified protein was mixed with 32P-labelled single-stranded
(TTAGGG)6 for the EMSA. As shown in Figure 7(B), a gel-
shifted band was apparent in mixtures containing hImp4 and
(TTAGGG)6. As a control, the human single-stranded telomeric

Figure 6 Association of Imp4p with telomeres in vivo

(A) Schematic presentation of URA3, ADH4 and ARO1 chromosomal loci monitored by
ChIP [34]. The positions of the PCR-amplified DNA fragments are presented by solid bars.
(B) Imp4p interacts with telomeres in vivo. Total yeast extract was immunoprecipitated with
antibodies against Cdc13p or Myc. The immunoprecipitates were then subjected to multiplex
PCR analysis. The PCR products were separated on a 2 % agarose gel and stained with ethidium
bromide. Sizes are indicated in bp. (C) Quantification of the experiments was conducted using
densitometry-scanning of the signals. In each set of experiments, the TEL or ADH signal
is normalized with ARO signals (TEL/ARO or ADH/ARO). Results are means +− S.D. for four
independent experiments. *P < 0.05 compared with input control.

Figure 7 hImp4 binds to vertebrate single-stranded (T2AG3)6 telomeric
DNA

(A) Purification of hImp4. hImp4 with a His6 tag was purified from E. coli using Ni-NTA–agarose
(see the Materials and methods section). A 1 µg sample of purified hImp4 was separated
by SDS/10 % PAGE and stained with Coomassie Blue. Molecular masses are given in kDa.
(B) 32P-labelled (T2AG3)6 was mixed with 0.26, 0.52, 1.03 or 2.06 µM of hImp4 (lanes 2–5
respectively) or 0.12 or 0.49 µM of hPot1 (lanes 6 and 7 respectively) before being subjected
to gel-shift assay.

DNA-binding protein hPot1 also bound to the same DNA with
a Kd (app) value of 0.18 µM (Figure 7B, lanes 6 and 7). The
binding affinity of hImp4 [Kd (app) of 4.9 µM] to telomeric DNA
substrates is similar to that of yeast protein. The results indicate
that hImp4 is capable of binding to single-stranded telomeric
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DNA, although the binding of hImp4 to telomeric DNA appeared
to be less efficient than that of hPot1. Thus the binding of Imp4
proteins to telomeric DNA is not limited to the yeast protein, as
hImp4 also bound to vertebrate telomeric DNA.

DISCUSSION

Our previous studies have provided evidence for the formation
of a Cdc13p-mediated telosomic complex through its N-terminal
region that was involved in telomere maintenance, telomere length
regulation and cell growth control [15]. The Cdc13p-mediated
telosomic complex contains proteins including Stn1p, Ten1p,
Est1p, Pol1p, Zds2p, Sir4p and Imp4p [11,12,14,15]. Imp4p was
identified from yeast two-hybrid screening experiments using
Cdc13p as the bait. Further analysis indicates that Imp4p inter-
acts with Cdc13p directly and co-immunoprecipitates with
Cdc13p [15]. The role of Imp4p in this telosomic complex was
investigated. In the present study, we show that Imp4p bound
specifically to single-stranded telomeric DNA directly in vitro
and associated with telomeres in vivo. We have also demonstrated
the telomeric DNA-binding activity of hImp4, indicating that the
telomeric DNA-binding activity of Imp4 is conserved in both yeast
and humans. Thus the effects of Imp4p on telomeres might arise
through its direct binding to telomeres. However, the question of
how Imp4p affects telomere length is still unclear.

Unlike Cdc13p that binds specifically to telomeres and has an
affinity for yeast single-stranded telomeric DNA of ∼50 nM [40],
the binding affinity of Imp4p towards single-stranded telomeric
DNA is relatively low under similar assay conditions. It has been
shown that Imp4p is capable of binding to U3 snoRNA [28]
or other RNA species [31], which is important for its function
in RNA processing. Since the function of Imp4p is not limited
to telomeres, a high binding affinity of Imp4p towards telomeric
DNA is not anticipated. Nevertheless, although with lower binding
affinity, Imp4p binds to telomeres and with enough selectivity
to discriminate telomeric DNA sequences from other DNAs
(Figure 6). Moreover, in both yeast and human cells, Imp4p was
shown to form a complex with Imp3p and Mpp10p [24,25]. It is
likely that the apparent low-affinity binding for Imp4p is due to
the lack of Imp3p and Mpp10p in the in vitro assays. Indeed, it was
shown that the α subunit of Oxytricha telomere-binding protein
is capable of binding to single-stranded telomeric G4T4 DNA.
However, high-affinity and terminus-specific binding requires the
β subunit which is not directly involved in binding [41,42]. Thus
Imp3p and Mpp10p might be required to facilitate tight binding
of Imp4p to telomeres. It will be interesting to test the effects of
these two proteins on Imp4p-binding activity. It is also noteworthy
that the yeast single-stranded telomere DNA-binding pro-
tein Cdc13p also forms a heterotrimeric protein complex with
Stn1p and Ten1p to protect telomeres and regulate telomere length
[43]. Imp4p might interact with telomeres in a form of trimeric
complex with Imp3p and Mpp10p.

Several proteins involved in RNA metabolism also participate in
telomere functions [44]. These RNA-binding proteins have dual
roles in cells that are important for both RNA metabolism and
telomere length regulation. They could affect telomere function
through their interaction with telomerase RNA. For example, Tlc1
RNA mutations on the predicted binding site of Sm protein, a
component of the Sm snRNPs (small nuclear ribonucleoprotein
particles), affect the steady-state Tlc1 RNA levels and have
short telomeres [45]. The Sm protein appears to be involved in
telomerase metabolism. Other groups of RNA-binding proteins
are capable of binding directly to single-stranded telomeric DNA.
For example, hnRNP A1 was shown to bind single-stranded

telomeric DNA and telomerase RNA [35]. Depletion of hnRNP
A1 expression causes short telomeres and reduces telomerase
activity [46,47]. It was postulated that binding of these hnRNPs
to telomeres might help in recruiting telomerase to the telomeres.
In the present study, we provide evidence that Imp4 both binds
to single-stranded telomeric DNA in vitro and is associated with
telomeres in vivo. Thus, in addition to its role in rRNA processing,
our findings suggest that Imp4p might affect telomeres through
direct association with telomeres. Our results also suggest that it
might be a more general property of RNA-processing proteins to
have dual functions in the nucleus.

Proteins belonging to the Imp4 family share a high level of
sequence homology. A Brix domain is identified in this family
of proteins that was postulated to be involved in RNA binding.
Indeed, it was shown biochemically that the Brix domain of
Imp4p is involved in binding to U3 snoRNA and the amino
acid residues Arg220 and Arg253 are important for its binding to
RNA [28]. However, the crystal structure of Methanothermo-
bacter thermautotrophicus Mil protein, a member of the Imp4
superfamily, indicated an alternative [30]. The structure and
charge distribution of the N-terminal half of the Mil protein
suggested that it is capable of binding to its RNA substrate; this
raised doubts regarding the role of Brix domain in these proteins.
In the present study, we showed that the telomere-binding domain
of Imp4p is mapped to its Brix domain, which is consistent
with the conclusion made by Gerczei and Correll [28]. However,
since the telomeric DNA-binding activity is significantly de-
creased in the Brix domain, our results also indicated that the
Brix domain alone is not sufficient for proper binding to telomeric
DNA, suggesting that other portions of Imp4p are also involved
in binding to telomeric DNA. We speculate that the N-terminal
portion of Imp4p might also participate in binding to telomeric
DNA. Interestingly, unlike the binding of single-stranded
telomeric DNA, the binding of U3 snoRNA by full-length Imp4p
and the Brix domain of Imp4p appears to be similar [28]. Thus
the binding of U3 snoRNA and single-stranded telomeric DNA
by Imp4p, although similar, might still be different.
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